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Abstract. We present a combined experimental and simulation study of a single self-
assembled InGaAs quantum dot coupled to a nearby (∼25 nm) plasmonic antenna.
Microphotoluminescence spectroscopy shows a ∼2.4× increase of intensity, which is attributed
to spatial far-field redistribution of the emission from the quantum dot-antenna system. Power-
dependent studies show similar saturation powers of 2.5 μW for both coupled and uncoupled
quantum dot emission in polarization-resolved measurements. Moreover, time-resolved spec-
troscopy reveals the absence of Purcell enhancement of the quantum dot coupled to the antenna
as compared with an uncoupled dot, yielding comparable exciton lifetimes of τ ∼ 0.5 ns. This
observation is supported by numerical simulations, suggesting only minor Purcell-effects of <2×
for emitter–antenna separations>25 nm. The observed increased emission from a coupled quan-
tum dot–plasmonic antenna system is found to be in good qualitative agreement with numerical
simulations and will lead to a better understanding of light–matter coupling in such semicon-
ductor–plasmonic hybrid systems. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JNP.10.033509]
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1 Introduction

Quantum emitters such as nitrogen-vacancy centers in diamond,1 colloidal nanocrystals,2 or
self-assembled semiconductor quantum dots3 are promising candidates for realizing efficient,
scalable, and on-chip integrable single photon sources and are inevitable for many applica-
tions in quantum information science.4 In order to control and optimize their light–matter-
interaction, they have been coupled to dielectric photonic nanostructures such as microdisks,5

micropillars,6 or photonic crystal nanocavities,7 and many quantum optical key experiments
like Purcell-enhanced spontaneous emission,8 strong coupling,9 and photon blockade10 have
already been demonstrated. Recently, the coupling between individual quantum emitters and
plasmonic nanostructures11 has gained increasing interest in the nanophotonics community
due to the great potential of subwavelength confinement accompanied by strong electromag-
netic field enhancements of surface plasmon polaritons.12 Plasmonic nanostructures, such as
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antennas, offer broadband coupling13 and, thus, avoid spectral mismatch between emitter and
photonic mode, while still offering extraordinarily high field enhancements due to their
capability to concentrate light to subwavelength volumes.14 The challenge to spatially over-
lap the emitter with the highly concentrated electromagnetic field has recently been solved
for both dielectric15 and plasmonic nanostructures.16 The potential of strong light–matter
interaction in plasmonic nanostructures has already been demonstrated for molecules,17,18

colloidal nanocrystals,19,20 and nitrogen vacancy centers.21 In strong contrast, integration
of plasmonic antennas and self-assembled semiconductor quantum dots embedded in a
host matrix material is still hardly explored.22,23 However, those quantum dot–antenna hybrid
systems would be highly desirable due to their excellent emission properties, their potential
for integration in p-i-n-diode structures, and the possibility to tune the emission range via
band structure engineering to the telecom band, which offers enormous potential for future
applications.

Here, we show a 2.4× emission enhancement of an individual InGaAs/GaAs quantum dot
spatially located 25 nm below a single plasmonic bowtie nanoantenna with a feed-gap size
g ¼ 30 nm. Excitation power dependent and polarization-resolved photoluminescence spectros-
copy reveal a comparable saturation power of Psat ¼ 2 μW for both co- and cross-polarized
emission of the same quantum dot, indicating that optical absorption enhancement plays
only a minor role.22 Furthermore, we found no significant modification of the spontaneous emis-
sion lifetime τ, giving rise to τc ≈ τref ≈ 0.5 ns for both coupled and reference quantum dots and,
thus, ruling out the Purcell effect as an enhancement mechanism. This finding is supported by
numerical simulations, demonstrating that only minor (<2×) enhancements of the spontaneous
emission rate are expected for optimally positioned emitters with emitter–antenna separations
d > 25 nm. Finally, we show numerical simulations of the far-field emission profile for an emit-
ter located 25 nm below a bowtie nanoantenna with g0 ¼ 30 nm and obtain emission enhance-
ments of 18× and 13× for excitation polarization along and perpendicular to the bowtie
nanoantenna, respectively. This result strongly supports our attribution of the experimental emis-
sion enhancement to spatial redistribution of light due to the bowtie nanoantenna.

2 Sample Layout, Nanofabrication, and Basic Optical Properties

The presented semiconductor–nanoplasmonic hybrid system consists of individual semiconduc-
tor quantum dots23 and lithographically defined metallic nanoantennas.24 The substrate consists
of near-surface, optically active InGaAs/GaAs quantum dots grown by solid-source molecular
beam epitaxy.25 On top of a semi-insulating (100) GaAs wafer we deposited a 310-nm thick
GaAs buffer layer, followed by a single layer of nominally In0.4Ga0.6As quantum dots, whereby
the rotation of the wafer was stopped to obtain a spatially varying quantum dot density.26 In order
to realize three-dimensional (3-D) electronic confinement, we realized near-surface quantum
dots with a 25 nm thin GaAs capping layer.27 On top of this epitaxially flat GaAs surface
we established state-of-the-art metallic nanoantennas, so-called bowties,13 which consists of
two tip-to-tip oriented gold (Au) nanotriangles as shown in the lower inset in Fig. 1(a). The
bowtie nanoantennas were fabricated by a combination of electron-beam lithography, elec-
tron-beam metallization, and lift-off and were arranged in a periodic array with a lattice constant
a ¼ 1.5 μm as shown in the scanning electron microscope image in Fig. 1(a). A high-resolution
zoom of an individual bowtie nanoantenna with triangle size s ¼ 135 nm and feed-gap size g ¼
12 nm is shown in the upper inset in Fig. 1(a). More details on the nanofabrication process can
be found in Ref. 28.

The optical properties of the quantum dot wafer have been studied at cryogenic temperatures
(T ¼ 4 K) using a home-built, dipstick confocal microscope, and further details can be found in
Ref. 29. A typical spectrum of the quantum dot ensemble emission is shown as the black curve in
Fig. 1(b). We observe emission from the GaAs free exciton at Efree ¼ 1.516 eV, carbon impu-
rities at EC ¼ 1.493 eV,30 the two-dimensional InGaAs wetting layer at EWL ¼ 1.457 eV, and a
broadband emission from the InGaAs quantum dot ensemble at EQD ¼ 1.385 eV, with an inho-
mogeneously broadened line width of ΔEQD ¼ 70� 4 meV.26 The bowtie nanoantennas have
been optically characterized using differential white-light reflection spectroscopy for various
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nominal triangle sizes s0 and feed-gap sizes g0, as defined in the upper inset in Fig. 1(a). In
Fig. 1(b), we present a typical differential reflectivity spectrum ΔR∕R0 ≡ ðRBT − R0Þ∕R0 as
a function of emission energy plotted as the blue curve for s0 ¼ 110 nm and g0 ¼ 30 nm.
Here, RBT and R0 denote the measured reflectivity signal on the bowtie array and on the
bare substrate, respectively. We observe a peak-like response from the bowtie array, indicating
a resonant behavior with a resonance energy Eres ¼ 1.520 eV, which is attributed to localized
surface plasmon polaritons of the coupled nanotriangles, forming the bowtie nanoantennas.31

Detailed studies of the optical properties of single bowties and bowtie ensembles can be
found in Refs. 28 and 32, respectively. The complementary investigation of microphotolumi-
nescence from quantum dots and differential reflectivity of bowtie nanoantennas enables us
to identify coupled systems with spectrally and spatially matching emission characteristics.

3 Optical Response from a Single Quantum Dot-Antenna System

First, we recorded spectrally integrated quantum dot photoluminescence as a function of the spatial
position, while raster-scanning the excitation spot across the bowtie nanoantenna array for both
parallel (θ ¼ 0 deg) and perpendicular (θ ¼ 90 deg) linear detection polarization, while keeping
the excitation polarizer parallel to the bowtie axis (data not shown). A quantum dot coupled to a
nanoantenna adapts its emission properties 33 and, thereby, the comparison of co- and cross-polar-
ized emission enabled us to identify emission from individual quantum dots that are interacting
with single bowtie nanoantennas. A typical photoluminescence spectrum of a single quantum dot–
bowtie nanoantenna system is shown in Fig. 2(a). Here, we compare the emission of the very same
quantum dot for co- (θ ¼ 0 deg) and cross- (θ ¼ 90 deg) polarized detection in blue and red,
respectively. We observe in both detection geometries emission from sharp emission lines,
which are attributed to the discrete (multi-) exciton transitions of individual quantum dots.23 In
particular, we observe that the emission line labeled 1X0 (E ¼ 1.363 eV) exhibits a pronounced
polarization-resolved response as shown by the blue data points in the inset of Fig. 2(a) with a
degree of linear polarization ρc ¼ ½ðImax − IminÞ∕ðImax þ IminÞ� ∼ 39%. In strong contrast, all
other emission lines exhibit comparable intensities for both co- and cross-polarized detection.
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Fig. 1 (a) Scanning electron microscope image of an array of bowtie nanoantennas with a lattice
constant a ¼ 1.5 μm. Left bottom inset: schematic cross-section of the semiconductor heterostruc-
ture and a single bowtie nanoantenna. Right top inset: high-resolution scanning electron micro-
scope image of a single bowtie nanoantenna with triangle size s ¼ 135 nm and feed-gap size
g ¼ 12 nm. (b) Differential reflectivity spectrum of a bowtie ensemble with nominal triangle
size s0 ¼ 110 nm and nominal feed-gap size g0 ¼ 30 nm, and photoluminescence spectrum
of the InGaAs quantum dot ensemble emission in blue and black, respectively.
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We note that all emission lines shown grow linearly with excitation power and, thus, exhibit a
single excitonic emission character. However, without further measurements one cannot unambig-
uously state if those emission lines stem from the same or multiple quantum dots. Moreover, we
present the polarization-resolved response of an uncoupled reference quantum dot in the inset of
Fig. 2(a), clearly demonstrating unpolarized emission with a ρref ∼ 3%. This finding strongly indi-
cates that the 1X0-emission stems from a single quantum dot coupled to the bowtie nanoantenna. In
order to gain deeper insights into the nature of the 1X0-emission and the according intensity
enhancement mechanism, we performed power-dependent photoluminescence spectroscopy. In
Fig. 2(b), we plot the integrated photoluminescence intensity of the 1X0-emission line as a function
of the applied excitation power on a double-logarithmic scale for co- and cross-polarized detection
in blue and red, respectively. We observe that the 1X0-emission line increases linearly for both
polarization geometries with slopes mco ¼ 0.93� 0.01 and mcross ¼ 1.04� 0.01, strongly sug-
gesting a single excitonic character.23 Moreover, we find that the saturation intensity for copolar-
ized detection is enhanced by a factor of ∼2.4× as compared with the cross-polarized case, as
indicated by the green arrow in Fig. 2(b). This enhancement is accompanied by the observation
of a comparable saturation power of Psat ¼ 2 μW for both detection polarizations and, therefore,
strongly indicates that the observed intensity increase is not related to an enhanced quantum dot
excitation rate as recently reported for a similar system in Ref. 22.

4 Spontaneous Emission Dynamics of a Coupled Quantum
Dot–Antenna System

Another potential mechanism explaining the observed intensity enhancement shown in Fig. 2(a)
could be an increased spontaneous emission rate due to the Purcell effect.34 The potential for
Purcell enhancement due to the coupling of the near-surface quantum dots to the strongly localized
electromagnetic field inside the bowtie feed-gap is investigated by detailed numerical finite-differ-
ence time-domain simulations.35 For simplicity, we modeled the quantum dot as a point dipole
source located at a well-defined distance d below the sample surface as shown in the upper inset of
Fig. 3(a). Although this point–dipole approximation yields first indications of the radiative cou-
pling between the quantum dot and the plasmonic antenna, we note that the mesoscopic size of the
quantum dot might lead to a modified light–matter interaction in strongly confined plasmonic

2.4x

01X

(a) (b)

Fig. 2 (a) Photoluminescence spectra of a single quantum dot spatially positioned below a single
bowtie nanoantenna for co- and cross-polarized emission in blue and red, respectively. Inset:
polarization-resolved photluminescence intensity of the 1X 0 emission and a reference quantum
dot in blue and black, respectively. (b) Integrated photoluminescence intensity of the emission line
labeled 1X 0 as a function of excitation power for emission polarization parallel (θ ¼ 0 deg) and
perpendicular (θ ¼ 90 deg) to the bowtie main axis in blue and red, respectively. Black lines cor-
respond to power-law fits.
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fields.36 In our simulation, the point-dipole emits a short pulse of length Δtp ¼ 6.17 fs, corre-
sponding to energetically broadband emission between 1.03 and 3.10 eV. The dipole is surrounded
by a box-type monitor [green box in upper inset of Fig. 3(a)] that measures the optical power P0

and, thus, the spontaneous emission rate Γ0 ∝ P0 of the dipole for reference. A second monitor
(orange box) measures the radiative rate of the coupled quantum dot–antenna system Γr;c ∝ Pc.
Consequently, the nonradiative recombination rate Γnr;c is obtained by the difference between both
monitors, namely, P0 − Pc ∝ Γr;0 − Γr;c ≡ Γnr;c. Therefore, we can define the modification of the
radiative and nonradiative emission rate due to the presence of the bowtie nanoantenna with respect
to the reference dipole as the ratios Rr ¼ Γr;c∕Γ0 and Rnr ¼ Γnr;c∕Γ0, respectively. In Fig. 3(a), we
plot the simulated Rr and Rnr as a function of quantum dot–surface separation d and emission
energy E ¼ 1.363 eV as blue and green symbols, respectively. First of all, we observe Rr ∼ 1

for separations d > 30 nm while simultaneously Rnr ∼ 0. This indicates that for large separations,
nonradiative recombination is negligible and the radiative rate stays almost unaffected by the bow-
tie nanoantenna, close to its reference value. In strong contrast, we observe an increasing Rr for
d ≤ 30 nm, with values reaching Rr ∼ 10× for the smallest separation, d ¼ 6 nm. The increase of
Rr with decreasing z is well described by an exponential increase RrðzÞ ¼ αþ βe−z∕z0 , as shown
by the red line in Fig. 3(a). We obtain for the decay length z0 ¼ 11.3� 0.5 nm, which we attribute
to the strong localization of the electromagnetic field at the feed-gap of the bowtie nanoantenna.
This hypothesis is supported by complementary simulations of the electromagnetic field enhance-
ment η ¼ jEj2∕jE0j2, where E and E0 denote the field with and without the bowtie, respectively.

28

A typical simulation of η for a bowtie nanoantenna with s0 ¼ 110 nm and g0 ¼ 30 nm is shown in
the lower inset of Fig. 3(a). Here, the field is strongly localized within the 4-nm thick oxide layer on
top of the GaAs substrate, which mimics the natural GaO that grows on top of every quantum dot
wafer,37 giving rise to enhancements η ∼ 103 to 104. Moreover, we observe an increase of the
nonradiative rate with decreasing z ≤ 10 nm, which indicates a quenched luminescence due to
enhanced nonradiative energy transfer to the metal of the nanoantenna.38

In order to experimentally probe if the intensity enhancement of the quantum dot is related to
a modification of the spontaneous emission rate, we performed time-resolved photolumines-
cence spectroscopy using a time-correlated single photon counting technique.39 Typical
decay curves for the coupled quantum dot emission 1X0 and a reference quantum dot spatially
displaced from the bowtie nanoantenna are shown in Fig. 3(b) on a semilogarithmic plot as black

-210 410
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Fig. 3 (a) Numerical simulation of the spontaneous emission rate modification as a function of
quantum dot–surface distance d for radiative and nonradiative processes as blue and green
symbols, respectively. Upper inset: schematic illustration of the simulation geometry. Lower
inset: simulation of the field enhancement η in the x − z-plane for y ¼ 0. (b) Time-resolved photo-
luminescence spectra for a coupled quantum dot and a reference quantum dot in black and red,
respectively. The blue lines show exponential fits to the data.
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circles and red squares, respectively. Both data sets can be fitted by exponential decays as shown
by the blue lines in Fig. 3(b), yielding comparable spontaneous emission decay times τc ¼ 0.5�
0.1 ns and τref ¼ 0.48� 0.1 ns for the coupled and reference quantum dot, respectively. This
finding strongly indicates that the intensity enhancement of 1X0 is not related to a modified
spontaneous emission rate via the Purcell effect. Moreover, our corresponding numerical sim-
ulations shown in Fig. 3(a) strongly support this finding, indicating only a modest theoretical
enhancement of <2× for a quantum dot–antenna separation of d ¼ 25 nm.

5 Antenna Induced Spatial Redistribution of Emission

Finally, we investigate a third potential mechanism of intensity enhancement due to spatial redis-
tribution of the quantum dot emission 19 via the bowtie nanoantenna. Therefore, we performed
finite-difference time-domain simulations of the far-field emission profile of a point-dipole source
located 25 nm below the GaAs–air interface at the center of the antenna’s feed-
gap (in the x − y plane) and polarized along the bowtie main axis. In Figs 4(a) and 4(b), we pre-
sented the obtained results for excitation polarization parallel (θ ¼ 0 deg, black curves) and
perpendicular (θ ¼ 90 deg, red curves) to the main axis of a bowtie nanoantenna
(s ¼ 110 nm and g ¼ 30 nm) in the x − z and y − z planes, respectively. For better comparison,
both curves are normalized to their maximum value. In general, we observe that a significantly
larger fraction (>70%) of the dipole emission is emitted into the high-refractive-index GaAs sub-
strate. Moreover, we find for the x − z- and y − z-planes enhancements of the far-field emission
into the air half space of 18× and 13×, respectively, for excitation polarization parallel to the bowtie
nanoantenna (black curves) as compared with the perpendicular excitation polarization (red curve).
This strongly indicates that plasmonic antennas result in an enhanced photoluminescence intensity
for quantum dot emission polarized along the bowtie main axis. The difference between the emis-
sion enhancement observed in experiment and simulation most likely occurs due to a misalignment
of the quantum dot position with respect to the feed-gap of the antenna. Moreover, the quantum
dots in the experiments have a typical lateral dimension of ∼20 − 30 nm40 and, thus, can only be
mimicked as a point-dipole in a first approximation.36 A deeper insight into the discrepancy in
quantitative enhancement between experiment and simulation requires a statistical study of numer-
ous quantum dots as a function of their location with respect to the bowtie feed-gap, geometrical
parameters of the antenna, and a more accurate theoretical description of the quantum dot as a
mesoscopic quantum emitter.41 In Table 1 we summarize the total emission intensities into air
(IairT ) and GaAs (IGaAsT ) for both planes and excitation polarization directions. The fact that
more than 70% of the emission is directed into the GaAs half space indicates large potential
for signal enhancement due to micropatterning of the sample backside, the use of solid immersion
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Fig. 4 Numerical simulations of the far-field emission pattern in (a) along (x − z plane) and
(b) perpendicular (y − z plane) with respect to the bowtie main axis for a dipole source located
25 nm below aGaAs–air interface. Black and red curves show the calculations for excitation polari-
zation parallel (θ ¼ 0 deg) and perpendicular (θ ¼ 90 deg) to the bowtie nanoantenna, respec-
tively. The green shaded region indicates the critical angle for total internal reflection at a
GaAs–air interface θGaAs

c ∼ 16.6 deg.
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lenses, the incorporation of distributed Bragg reflectors, or even further engineering of the bowtie
nanoantenna regarding directionality and, thus, to enhance the outcoupling of photons toward the
upper half space of the sample.

6 Summary, Conclusions, and Outlook

We presented first experimental observations of 2.4× enhanced emission from near-surface
(∼25 nm) self-assembled InGaAs/GaAs quantum dots coupled to a plasmonic bowtie nanoan-
tenna with a feed-gap g ¼ 30 nm. We employed detailed time-integrated and -resolved micro-
photoluminescence measurements in order to probe the enhancement mechanism of this
semiconductor–plasmonic hybrid system. We demonstrated that the photoluminescence inten-
sity of the very same quantum dot 1X0 as a function of excitation power exhibits a comparable
saturation power Psat ¼ 2 μW for co- and cross-polarized emission, indicating that the observed
luminescence enhancement is not due to increased optical excitation absorption.22 Furthermore,
we probed a possible enhancement due to the Purcell effect34 via time correlated single photon
counting spectroscopy. We found an unmodified spontaneous emission lifetime for the 1X0 of
τc ¼ 0.5� 0.1 ns as compared with a reference dot and attribute this observation to a too big
separation d ¼ 25 nm between the quantum dot and sample surface as compared with typical
decay lengths of plasmonic fields. This interpretation is supported by numerical simulation,
which shows only minor theoretical Purcell enhancements of <2× for dot–surface separations
≥25 nm. Finally, we performed numerical simulations of the far-field emission of a coupled
quantum dot–antenna system which results in pronounced enhancements of 18× and 13×
into the air and GaAs half space, respectively, supporting our attribution of the experimental
emission enhancement to spatial redistribution of light due to the bowtie nanoantenna.

Our results already emphasis the great potential of buried, self-assembled semiconductor quan-
tum dots 5,16,22,42 in combination with lithographically defined bowtie nanoantennas,13,28,32 which
offer spectrally broadband and spatially highly confined modes for future plasmonic cavity quan-
tum electrodynamics experiments.3,11,43,44 In strong contrast to the chemically synthesized semi-
conductor nanocrystals mostly used so far,45 self-assembled InGaAs quantum dots grown by
molecular beam epitaxy offer a couple of advantages: (i) They are embedded in a three-dimensional
semiconductor matrix and, thus, do not suffer from blinking and bleaching,5 exhibiting already
short exciton lifetimes on the order of 1 ns and internal quantum efficiencies close to unity at
cryogenic temperatures.46 (ii) Moreover, since the quantum dots are directly grown on a semicon-
ductor substrate, such as GaAs46 and even Si,47 they are structurally stable, and one can easily
integrate them into photonic3 and plasmonic nanostructures.28,32 (iii) In addition to their spectrally
broadband response,13 plasmonic cavities are intrinsically capable to exploit the employed metal
also as local electrical contacts,48 which allows for electrical tunability.40 As a consequence, we
envision a broad scope of future experiments for this semiconductor–plasmonic hybrid system,
studying, for example, its resonant response using resonant fluorescence spectroscopy49 and,
thus, evaluating the potential for coherent control experiments.50 Furthermore, it has recently
been demonstrated that the mesoscopic size of self-assembled quantum dots in combination
with the strongly confined plasmonic fields leads to a breakdown of the commonly applied sim-
plistic point-dipole approximation,36 probably giving rise to modified optical selection rules and,
thus, a new regime of light–matter interaction.

Table 1 The fraction of emission (in %) into the air and GaAs half space for polarization parallel
(θ ¼ 0 deg) and perpendicular (θ ¼ 90 deg) to the bowtie nanoantennas into the x − z and
y − z-planes.

θ ¼ 0 deg θ ¼ 90 deg

x − z-plane y − z plane x − z-plane y − z-plane

Air IairT (%) 30.5 17.4 3.9 18.2

GaAs IGaAs
T (%) 69.5 82.6 96.1 81.8
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